The cultivation under adverse growth conditions is a commonly used strategy to trigger carotenoid accumulation in microalgae. In order to characterize important factors affecting the biotechnological productivity of a microalgal species systematic and accurate analysis of cellular properties and the physiological response to abiotic stress is required. Therefore, we have investigated the influence of various stress types on a broad spectrum of cellular properties in a dynamic manner. Cellular properties were monitored in stained samples for cell vitality and neutral lipid fluorescence together with intrinsic parameters. The results revealed that nitrogen limitation and oversaturating light induced distinct adaptational responses in the cells. In the presence of nitrogen stress, the homogeneous population distribution splitted into two heterogeneous sub-populations for the cell vitality and neutral lipid fluorescence. Furthermore, we have demonstrated that flow cytometry is able to rapidly detect changes in the cell population upon exposure to abiotic stress. On the basis of this finding, it is possible to determine optimal harvesting time points based on the product content and culture vitality. This enables new perspectives for flow cytometry in the analysis of the metabolic stress response for robust production strategies of microalgal metabolites.
conditions (Pérez-Clemente et al., 2013) . Since most commercially relevant high 20 value products, such as triacylglycerides (TAGs) and carotenoids, are accumulated 21 under abiotic stress, changes in the environmental stimuli can result in cell death and 22 thus negatively affect process robustness and the applicability of control strategies 23 (Jiménez et al., 2009) . Therefore, a detailed characterization of these phenomena is 24 necessary as a basis for robust process design of large scale cultivation systems. 25 In the presence of abiotic stress, the halotolerant green microalga D. salina is rich 26 in β-carotene. Even though, the overaccumulation of β-carotene in D. salina has 27 been investigated extensively, only little is known about the cellular response and the 28 regulatory mechanisms involved in the underlying adaptational stress response (Ben-29 Amotz et al., 1982; Lamers et al., 2010) . Exposure of the cells to high irradiance is 30 the main trigger that induces photooxidative processes, which initiate the enrichment 31 of photoprotective carotenoid pigments. The underlying photoprotective mechanisms 32 of β-carotene are the prevention of oxidative damage by scavenging reactive oxygen 33 species and the absorption of UV light, avoiding direct damage of cellular targets 34 (Mulders et al., 2014b) . The overaccumulated β-carotene, which is mainly composed 35 of the two isomers, 9-cis and all-trans, is stored in TAG-containing lipid globules 36 in the interthylakoid space of the chloroplast (Ben-Amotz et al., 1982) . Results 37 from previous studies pointed out that TAG synthesis and β-carotene formation are 38 interlinked, creating a metabolic sink avoiding end-product inhibition in the carotene 39 biosynthesis pathway (Rabbani et al., 1998; Mendoza et al., 1999) . This coincides 40 with the fact, that massive carotene accumulation is enhanced with increasing abiotic 41 stress, e.g. nutrient deprivation. 42 Flow cytometry is a widely used method in marine ecosystems research to inves-43 tigate the structure and distribution of phytoplankton in natural seawater samples 44 (Olson et al., 1985) . The recent interest in oleaginous microalgae for the production of 45 biofuels and edible oils has extended the application of flow cytometry to the staining 46 microalgal lipid bodies with lipophilic dyes, such as Nile Red and BODIPY (Chen 47 et al., 2009; da Silva et al., 2009; Brennan et al., 2012) . In addition, flow cytometry 48 provides information about population heterogeneity and can therefore be used for 49 fluorescence-activated cell sorting (FACS) to separate cells overproducing a target 50 compound (Bougaran et al., 2012; Xie et al., 2014) . Moreover, flow cytometry also 51 supports the analysis of various morphological and biochemical features referring 52 to physiological state of the cell (Mendoza Guzmán et al., 2012; de Winter et al., 53 2013) . Depending on the environmental conditions, the cell cycle stage or the age of 54 a cell, intrinsic light scattering and fluorescence emission properties of the biomass 55 will change. These changes in the cellular properties (e.g. cell size, granularity, 56 pigmentation, vitality) will have a large impact on the process performance and 57 flow cytometry has therefore the potential to contribute to the rapid development of 58 feasible bioprocesses. Although the large scale production of natural β-carotene in 59 D. salina is of high industrial relevance, a systematic and detailed analysis of cellular 60 features corresponding to its physiological state during storage molecule accumulation 61 under abiotic stress conditions has not been analyzed in detail.
62
The goal of the present work is to systematically explore the influence of abiotic 63 stress on important bioprocess parameters, e.g. growth parameters, metabolic stress Batch fermentations were performed in a flat-plate photobioreactor with 1 L 79 cultivation volume and a thickness of 5 cm (FMT 150, Photon Systems Instruments, 80 Czech Republic) continuously illuminated with white and red LEDs. The reactor was 81 aerated with a gas mixture of 97 % air and 3 % CO 2 at a flow rate of 500 mL min −1 82 controlled by mass flow controllers. A pH was adjusted to 7.5 by automated addition 83 of 1 M HCl and 1 M KOH. and the temperature was maintained at 24 ○ C using peltier 84 cooling. For inoculation, a stock culture grown under nitrogen-replete conditions 85 was diluted to approximately 1 × 10 6 cells mL −1 with the appropriate medium. The 86 transmitted light intensity was calculated by averaging the light intensity on the 87 backside of the reactor measured at 4 different positions on its surface using a light 88 sensor (ULM-500, Walz, Germany). All stained cell suspensions were immediately analyzed after dye incubation. particle for the different fluorescence emission channels FL1 -FL3 (see Table S1 for 118 emission ranges). The sample flow rate was adjusted to 1 µL s −1 , which corresponds 
Samples of the cell suspension were centrifuged for 30 minutes at 1,000 g. The
143
supernatant was discarded and the cell pellet was washed with 1.5 M ammonium 144 formate. The sample volume was adapted to result in a biomass dry weight of 145 approximately 3 mg. The pellet was freeze-dried and stored at -20 ○ C until extraction.
146
The extraction of the microalgal pigments was performed according to the method For the evaluation of the process performance, the biomass and β-carotene density 164 as well as the volumetric productivity of biomass (g dw L −1 d −1 ) and β-carotene (mg 165 8 dw L −1 d −1 ) were calculated as a function of cultivation time:
where t represent the cultivation time (d) and ρ P is the product density (g dw L −1 or 167 mg dw L −1 ). Furthermore, the time-averaged yields of biomass Y X,E and β-carotene on 168 absorbed light energy Y β,E ( Fig. 7c -d 
where E abs is the absorbed light (mol PAR photons m −2 d −1 ), s R the reactor surface 172 (0.024 m 2 ) and V R the reactor volume (1 L). 
203
The specific growth rates, final biomass densities and volumetric productivities for 204 biomass and β-carotene for all three cultivation conditions are given in Table II . with Nile Red (Fig. 3a and b) . The presence of high light conditions (HL, HL-ND) led 220 to an instantaneous accumulation of neutral lipid globules, peaking in the maximum 221 fluorescence after two days induction of the light stress ( Fig. 3a and b) . The fluo- signal were detected by vitality staining (Fig. 5a ). These factors indicate the cell 236 death, which led to the release of the lipid-containing β-carotene globules resulting in 237 a significantly reduced in lipid fluorescence at day 6 and 7 (Fig. 3b ). This finding is 238 in agreement with microscopic observations (Fig. 8a) and results from Davis et al. Fig. 2a and b) . Upon exposure to high light stress an initial increase of the 250 cell granularity up to 3-fold compared to the basal level was detected until day 2.
251
The following decline of the granularity under HL conditions can be explained by a 252 reduction in the stress level due to increasing β-carotene accumulation and cellular 253 shading effects due to the biomass growth ( Fig. 2a and b) . The observed dynamics 254 of neutral lipid fluorescence corresponded well to that of cell granularity ( Fig. 4b 255 and 9). This finding illustrates that the formation of neutral lipid globules results 256 in more complex internal structure of the cell detected by a higher proportion of 257 side-scattered light. flow cytometer in the channel FL1 (Fig. 10a -c) . The cell vitality in the culture is 264 expressed as the ratio of vital cells to the total number of intact cells. Fig. 5a to be a critical marker for the determination of optimal harvesting time points. cultivation phase is higher than the energy required for growth. This imbalance led 312 to a reduction in the chlorophyll pigment fraction due to photoacclimation processes.
313
During high light stress (HL and HL-ND) the rate of chlorophyll b degradation is 314 higher compared to that of chlorophyll a leading to a higher chlorophyll a/b ratio 315 (Fig. 6b) . Under low light conditions, the chlorophyll a/b ratio remains low, which 316 is in agreement with previous studies from Webb and Melis (1995) . The presence 317 of high light stress induced the accumulation of β-carotene in the HL and HL-ND 318 culture after 2 days of cultivation. Under HL conditions, the β-carotene content 319 was maximal after 2 days and reached a fraction of 24 mg g −1 dw leading to a 320 maximal β-carotene/chlorophyll ratio of 3.1 (Fig. 6c ). With increasing β-carotene 321 content, the cells were able to overcome the presence of light stress, detected by an 322 increasing photochemical quantum yield (Fig. 6d ). During the initial growth phase After depletion of the residual nitrate in the cultivation medium of the HL-ND 336 culture, the β-carotene content of the biomass increased continuously to a final level 337 of 48 mg g −1 dw corresponding to a β-carotene/chlorophyll ratio of 8.6 (Fig. 6c ).
338
Although, the β-carotene containing lipid globules were released from the cell as 339 observed in Fig. 8a , the β-carotene was still detectable in the HPLC analysis, because 340 the released globules were collected together with the biomass in the pellet. The to the most efficient light use of all three selected conditions (Fig. 7a ). The highest 349 volumetric biomass productivity was achieved under HL conditions with 0.46 g dw L −1 350 d −1 , because this cultivation condition led to the highest final cell densities (Table II) .
351
The highest β-carotene productivity was observed in the HL-ND culture with 11.4 352 mg β-carotene L −1 d −1 (Table II) 
